I. INTRODUCTION
Dielectric barrier discharge (DBD), which is also known as silent discharge or atmospheric pressure discharge, has been extensively investigated for industrial applications related to ozone synthesis, 1,2 surface treatment of materials, 3, 4 removal of gaseous pollutant, 5, 6 bio-medical applications, 7, 8 plasma display panels, 9 and as an excimer ultraviolet/vacuum ultraviolet source. 10 DBD is an electrical discharge between two electrodes in which at least one of the electrodes is covered with a dielectric material. The role of the dielectric layer is to prevent the formation of an arc discharge and to limit the discharge current. The DBD is commonly generated in filamentary mode under atmospheric pressure, which consists of many filaments. The numerous bright filament discharges may either regularly or randomly distributed over the discharge space gap. 11 The current waveform consists of a large number of extremely short current pulses each with a nanosecond duration.
Atmospheric pressure DBD has received a lot of attention because atmospheric pressure conditions are suitable for many DBD applications. The discharge dynamics of filamentary DBD has been studied through experimental investigations and modelling by many researchers. [12] [13] [14] [15] Petit et al. 16 studied electrical characterization of gas discharge using a numerical treatment, where they observed a long-duration nonimpulsive current (pseudocontinuous current) overlapping with the impulsive current. The nonimpulsive current in filamentary discharge was also observed by other researchers. 17, 18 There have been relatively few experimental studies on statistical analysis of atmospheric pressure DBD in filamentary mode. Gulski and Kreuger 19 analyzed the discharge statistical pattern for different DBD geometries by different statistical operators, such as skewness, kurtosis, and modified cross correlation. Reichen et al. 20 reported influence of increased velocity on the statistical discharge characteristics of helium and air barrier discharges. Van Brunt and Cernyar 21, 22 developed a statistical analysis method for the data treatment of the impulsive current amplitude, charges per pulse, duration of pulse, time separation between consecutive pulses. It was believed that the memory effect played an important role in the pulse height distribution and the time separation in atmospheric pressure DBD in filamentary mode between the pulses. 23 The dielectric surface properties strongly influence the characteristic of the pulse height distribution. 24 However, Wang et al. 25 suggested that the dielectric surface properties are also modified by the discharge.
There are two different regimes in the impulsive discharge. 17, 26 The regimes of the impulsive current are determined by the applied voltage. In regime 1, the average amplitude of the impulsive current increases with the applied voltage until the applied voltage reaches the regime transition voltage. In regime 2, the average discharge current pulse increases slowly with the applied voltage. 17 The impulsive current fluctuates stochastically both spatially and temporally. Therefore, the analysis of the stochastic nature of the impulsive current is complex. Ficker 27 simplified the impulsive current analysis process by digital acquisition method. The charge transfer of each impulsive current can be estimated from the amplitude of the impulsive current. The probability density function of the amplitude of impulsive current was also investigated by Ficker 27 experimentally. In general, the stochastic behavior of the DBD pulses is owing to the external random process. The external random process can be attributed to the self-excitation, which is caused by the secondary emission due to bombardment with the excited species, and the photoemission from the cathode due to UV radiation. 23 Manley 28 proposed a method to estimate the filamentary discharge energy in 1943. He used a voltage to charge Lissajous figure, which is also known as QV Lissajous figure to calculate the total dissipation energy of atmospheric pressure DBD in filamentary mode. The well-known Manley's equation can be employed to estimate the energy dissipation in the filamentary DBD.
This study aims to investigate the stochastic behavior of atmospheric pressure DBD in filamentary mode. Stochastic variation of the current pulse amplitude is analyzed using the statistical approach. The random breakdown voltage at different positions on dielectric surface is suggested to be stochastic in nature. Based on this assumption, discharge current amplitude distribution will be modeled using an empirical distribution function. In this proposed function, the total charge transfer is predicted by employing the Manley's equation.
In this work, only the higher current pulses during positive half cycle are chosen. The experiment is performed with one dielectric barrier. This causes the pulses happening in the positive and in the negative half cycles, which could be different. Our model is developed for distribution of positive half cycle pulses only. In our model, all channels are considered as independent. The amplitude of the pulses depends on the space gap breakdown voltage, but not on the total applied voltage. Commonly, the phase of the voltage can be used to calculate the gap voltage and the change of the gap voltage with time. However, in this model all the channels with all possible breakdown gap voltages in a particular applied voltage in low frequency sinusoidal waveform are considered. Fig. 1 shows the schematic diagram of the experimental setup, which consists of a pair of parallel plate stainless steel (SS304) electrodes of 6 cm in diameter and 1.5 cm in thickness. The space gap between the two electrodes can be varied with this arrangement. The electrode edges are smoothened to prevent localized electric field. In order to stabilize the motion of the electrodes, a silver string is inserted. The dielectric layer is a Pyrex glass sheet of dimension 10 cm Â 10 cm and thickness of 2 mm. The dielectric sheet kept in place by using two position adjustable dielectric holders. The electrodes system is housed in a Perspex chamber. The front window of the chamber is sealed with a glass window. Open air at atmospheric pressure is used as the working gas. A 50 Hz AC high voltage is applied to the electrodes through a ballast resistor of 8.8 MX. The maximum applied voltage is 20 kV (40 kV peak to peak). The upper electrode is electrically connected to the high voltage power supply while the bottom electrode is connected to a SPDT (single pole, double throw) switch, which is again connected to a current measurement resistor and a charge measurement capacitor in parallel. A digital oscilloscope (Yogokawa DL6104, bandwidth 1 GHz) is used to monitor the time resolved current and voltage signals simultaneously.
II. EXPERIMENTAL SETUP AND PROCEDURE
In our experimental setup, the ground electrode is covered by a single dielectric layer. Higher current pulses are generated during the positive applied voltage half cycles. Therefore, the experimental studies of pulses distribution during the positive half cycle are conducted for the validation of the proposed discharge pulses distribution model. Several problems are needed to be addressed for collecting the experimental data for the discharge pulses distribution, e.g., background noise level, overlapping of current pulses, missing of current pulse, and onset of the oscilloscope. The background noise recorded in the oscilloscope affects the current pulses distribution. This problem is addressed by selecting high shunt resistor to reduce the noise level below the lowest current pulse amplitude. The minimum detected current is then chosen to be slightly higher than the noise level. By using high shunt resistor, the larger discharge current pulses duration is detected. It is attributed to the bandwidth of the diagnostic increases with the shunt resistor. The actual discharge shape pulses are formed in extremely short duration (nanosecond). However, the total charge transfer of a single detected current pulse is still equal to the actual current pulse. Therefore, the experiment is simplified by detecting the amplitude of the current pulses. The charge 
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transfer of single discharge pulses is hence calculated from the current pulse amplitude. 27 Besides avoiding the background noise, the function of the high shunt resistor is to minimize the possibility of current pulse missing in the distribution. The actual current pulse with nanosecond duration might lead to the missing of current pulse detection by the oscilloscope.
The high ballast resistor is required to protect the power system and diagnostics. The discharge current pulse might generate large voltage to the power system and diagnostics, which might lead to the serious damage of that. The function of ballast resistor is to reduce the discharge voltage contributed by the discharge current to the power system and diagnostics. The effective capacitance and the large resistance of the each ballast resistor reduce the current pulse amplitude to lower value. Hence, a small voltage distortion of the applied voltage on the DBD reactor can be observed during the discharge.
III. RESULTS AND DISCUSSION

A. Analysis method
The measured current consists of four components, namely, displacement current, background noise, impulsive current, and nonimpulsive current. 16, 18 Displacement current is due to the capacitance of the DBD electrodes when the applied voltage is time-varying. The background noise is picked up by the oscilloscope. The nonimpulsive current refers to the DBD current, which has lower value and longer duration. The impulsive current is the filamentary DBD current, which has high amplitude and very short time duration. The detailed expression describing the correlation between total external current, I T , and discharge current, I dis , 29, 30 is
where V T is the applied voltage, C d and C g are the capacitances of the dielectric and space gap, respectively, and C T is the total equivalent capacitance of the DBD reactor. The first term on the right-hand side is the displacement current, I c . The second term is the detected external discharge current, I detec . The displacement current and the background noise are removed from the measured current before further analysis of discharge current. 20, 26 A minimum detected value is chosen to be slightly higher than the background noise level, thus filtering the noise by the expression below I detec ðtÞ ¼ 0; jI detec ðtÞj < I limit I detec ðtÞ; jI detec ðtÞj ! I limit :
(
The true discharge current is expressed as
B. Correlation between amplitude of impulsive current and total charge
The charge transfer from each impulsive current can be estimated from the amplitude of the impulsive current. The total charge transfer in a single pulse is determined by integrating the impulsive current waveform as shown in Fig. 2 . A linear relation of the charge transfer and the pulse height is obtained from the plot of the charge transfer versus pulse height as shown in Fig. 3 .
A strong correlation coefficient (of value 0.975) between the charge transfer and the pulse height is obtained. In view of this high magnitude correlation coefficient, the charge transfer can be easily determined from the pulse height. The correlation between the pulse height and the charge transfer is given by
The time constant, s o , is determined from the gradient of the plot to be 77 6 2 ns. ime constants for different configurations are found to be the same, which indicates that s o is not affected by the gap distance of DBD or the pulse height. The typical current pulse amplitude distribution obtained by using histogram technique is similar to a lognormal distribution as shown in Figs. 4-7. Commonly, a long tail can be observed at right hand side of the distribution peak. By increasing the applied voltage, the tail of the probability distribution is stretched to the right hand side and the mean of the current pulse amplitude increases with increasing applied voltage.
Further analyses of the current pulse distribution for the case of 1 mm space gap shows that there can be two regimes of average pulse amplitude as shown in Fig. 5 . The regime transition voltage, V pp t , is the minimum applied voltage to obtain the maximum average amplitude of current pulse. 20 In regime 1, the average pulse amplitude is increasing with the discharge voltage; while in regime 2, the average pulse amplitude is constant. In the case of 1 mm space gap, V pp t ¼ 25 kV. However, for the case with 0.5 mm space gap, only regime 2 is observed in the range of discharge voltage from 10 to 35 kV, whereas in the case of 1.5 and 2.0 mm space gaps, only regime 1 is observed. For the cases of 2.0 mm and 1.5 mm space gaps, the tail of the distribution is found to extend further with the applied voltage. The regime transition voltage, V pp t , is higher than the maximum applied voltage limited by the power supply available, which is 40 kV pk-pk in this case.
According to the experimental observation, we suggest that the increase in the discharge current pulse amplitude can be attributed to the increase in the number of the current channel ignited at higher voltage. In the case of the narrow gap (<1.5 mm) with discharge voltage at or above the critical voltage, the discharge electrodes have been fully cover by current channels, thus further increases in applied voltage will not give rise to higher amplitude current pulse.
The increase in the applied voltage will increase both number of the current pulses as well as the pulse height in regime 1. The number of pulses for smaller space gap is 
113502-4
Phys. Plasmas 21, 113502 (2014)
increasing more rapidly with the applied voltage if compared to the case of larger space gap. However, the average height of pulses remains the same with increase of the applied voltage in regime 2. The number of pulses mentioned here refers to the average number of pulses for positive half cycle obtained from large data set of pulses.
C. The proposed empirical distribution function
A statistical function governing the current pulse distribution has been constructed with the consideration of the charge transfer equation. The important feature of the filamentary discharge in parallel plate geometry is the existence of multiple channels. This model is developed by representing the micro discharge by small discrete regions as shown in Fig. 8 . The individual channel occupies a small effective area due to charge diffusion and repulsive force between the channels. This small effective area determines the capacitance magnitude, breakdown voltage, and the charge transfer for that channel. The total occupied area of a single channel on the dielectric surface strongly affects the total charge transfer through that channel. It further determines the number of the pulses generated through that channel by Manley's formula. 28 The total charge transfer in DBD is given by Manley's formula as 
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where Q T is the total charge transfer, C d is the dielectric capacitance, V T is the applied voltage, and V b is the breakdown voltage. This can be taken to confirm the Manley equation's validity for filamentary discharge. In Fig. 8 , S k is the area occupied by the channel k, u(k) is the breakdown voltage of that channel, and q(k) is the charge transfer from a single discharge pulse if current pulse is generated. If the function of breakdown voltage, u directly corresponds to discharge pulse, the number density function of current pulses with amplitude in the range of i to i þ Di is expressed as
where n p ðiÞ is the total number density of the pulses with current amplitude i and n p ðuÞ is the total number density function of the pulses with breakdown voltage u.
The total charge transfer can be estimated by using the breakdown voltage and the total number of pulses can be obtained from the total charge transfer divided by charge transfer per single pulse. This is the simplest expression used to start a derivation from the function in term of breakdown voltage n p ðuÞ instead of from the function expressed in term of current pulse, n p ðiÞ. The probability distribution function (PDF) in terms of breakdown voltage, n p ðuÞ is introduced based on several assumptions. First, the discharge channels are assumed to be generated with random breakdown voltage due to the non-uniform surface of the dielectric and electrodes. In our case, the probability function of the random breakdown voltage is considered to be following normal distribution function with a variance value, r,
The charge transferred by a single current pulse is given by a simplified exponential function expressed in terms of breakdown voltage, which is determined from the experimental results given by
where s is the time constant, u(k) is the space gap breakdown voltage of the channel k, while i o and a depend on the gas used. The parameter a is similar to the first discharge coefficient from Townsend's discharge theory. 27 For the computation, i o is taken as 0.21 mA and a is taken as 0.612 mV À1 , which have been determined from the experimental results.
The effective occupied area S k of individual channel k is directly proportional to the dielectric capacitance of that channel. This can be expressed as
where S is equal to the total area of the electrode and C d is the total dielectric capacitance measured from QV Lissajous figure. The number of discharge pulses can be calculated from the total charge transfer through a single channel. Here, the total charge transferred by DBD in a half cycle is estimated by the modified Manley's equation. 28 The total charge transferred consists of charges from impulsive discharge and non-impulsive discharge. Therefore, a factor, c cor , is introduced to the modified Manley's equation. The factor c cor is the ratio of the charge transferred by impulsive current to the total charge transferred by DBD, where the total charge Q T is given by
In our case, the discharge current is divided into channels that are assumed to be not interacting with each other. Hence
with Q T ðkÞ is the total charge transferred by an individual channel k in half cycle and C d;k is the effective dielectric capacitance associated with individual channel k. By using the total charge transferred and the charges carried by a single current channel, the total number of pulses associated with a single channel k can be estimated as
For large number of channels, some of the channels are generating similar discharge pulses due to similar breakdown voltage. The number density of channels with equal discharge pulses and breakdown voltage, u is represented by n c ðuÞ. Therefore, the total number density of similar discharge pulses with similar breakdown voltage, u is equal to number of pulses carried by a single channel multiplied by the number of channels with breakdown u, namely,
where Q T ðuÞ is the total charge transferred by the channel and qðuÞ is the charge transferred by a single current pulse with breakdown voltage u. Substituting Eq. (11) into Eq. (13) gives
If the area occupied by every channel is assumed to be equal, then the dielectric capacitance of a single channel can be estimated as
where N c is the total number of channels, P n c ðuÞ. Hence,
If the number of channels is sufficiently large,
is the approximate probability density of breakdown voltage as a function of u given by Eq. (7). Therefore,
We are interested to obtain the distribution function with discharge pulses. Hence, the density distribution n p ðiÞ as a function of i is transformed from the density distribution n p ðuÞ in the function with u. This procedure is performed by changing the variable to i by the integration method, we obtain
By comparing Eq. (18) with Eq. (6), a general solution of this model is obtained
Equation (19) is an empirical distribution function, which can be used for predicting the pulse distribution. The correction factor, c cor , in Eq. (19) is validated by the experimental results. It needs to be mentioned here that the total charge of impulsive current is calculated from the number of pulses and charge of pulses. Meanwhile, the total charge is calculated from Manley's equation, the remaining charge is then assumed to be contributed from non-impulsive component. It is believed that the non-impulsive current is the weak uniform discharge, which most likely happen in short gap. By increasing the gap, the non-impulsive current can be reduced. It is attributed to the larger gap tendency to generate the stronger current pulses in filament form.
D. Comparison of experimental results and proposed distribution function
The minimum breakdown voltage, dielectric capacitance, and space gap capacitance used in Eq. (19) have been determined by QV diagram method. The variances of breakdown voltage and the correction factor, c cor , in Eq. (19) are validated by the experimental distribution. The parameters are listed in Table I . The mean space gap breakdown voltage, u is the summation of minimum breakdown voltage and three times variant voltage.
The parameters used in Eq. (19) are independent of applied voltages. Equation (19) can also be used to predict the pulse distribution in the two discharge regimes. From the prediction using our model, an increase in number of channels at higher applied voltage results in an increase of amplitude of pulses in regime 1. For regime 2, all the possible breakdown channels have been ignited. Further increase of the applied voltage will not generate additional breakdown channel. Therefore, the average amplitude of the discharge pulses will reach a saturation value. In the present experiment, the space gap transition voltage is approximately equal to summation of three times variant voltage and the mean of the breakdown voltage. Hence, the equivalent transition voltage, V pp t can be estimated as
For our experimental results, the pulse distribution for discharge with space gap distance of 1.0 mm is clearly observed, which consists of two discharge regimes. According to the empirical Eq. (19) , almost all the channels are ignited, when the applied voltage reaches 22.6 kV, which can be considered as the actual regime transition voltage, V pp t . The comparison of experimental regime transition voltage with the simulated results is shown in Fig. 9 . Fig. 10 shows that the experimental results are in good agreement with the simulated probability distribution function for discharges with various space gaps. In this case, the applied voltage for experiment is 35 kV (peak to peak). The factor c cor is due to the combined effect of the ratio of the impulsive charges to total charge transferred by DBD in half cycle. The average pulse amplitude and the number of pulses at different discharge voltages and different space gaps can be predicted by using Eq. (19) with constant factor c cor as shown in Figs. 11 and 12 , respectively. It is demonstrated that the value of the factor c cor is not influenced by the applied voltage at frequeccy 50 Hz.
IV. CONCLUSIONS
The stochastic behavior of dielectric barrier discharge in filamentary mode has been investigated. According to the experimental results, the non-uniform breakdown voltage on the dielectric surface is suggested as one of the stochastic factors. Theoretically, the higher discharge pulse can be generated at higher breakdown voltage. The local breakdown voltage is determined by the distance of the space gap and the local properties of the electrode surface. Therefore, the breakdown voltage of each channel is randomly varied according to the local electrode surface properties, thus generating a discharge pulse with certain pulse height, which is different from other channels. The proposed empirical distribution function can successfully predict the existence of two discharge regimes, which has been observed from the experimental results. By using the proposed distribution function, the ratio of the impulsive current and nonimpulsive current can be validated from the experimental results. The increase in the ratio of charge transported by the impulsive discharge for discharge with larger air gap is believed to be caused by the increase of the impulsive discharge in larger air gap.
